E ects of long-term low-level solvent exposure on cognitive function Abstract Purpose: e e ects of long-term low-level exposures to solvents on cognitive function were investigated.
A solvent can be de ned as ''a liquid that has the ability to dissolve, suspend or extract other materials, without chemical change to the material or solvent'' . Organic solvents have a wide range of usages, and are found as components of paints, pharmaceuticals, degreasing agents, adhesives, printing inks, pesticides, cosmetics and household cleaners and thus, are virtually everywhere. Commonly used solvents include isopropanol, toluene and xylene, solvent mixtures such as white spirits (mineral spirits) and chlorinated solvents such as methylene chloride, trichloroethylene and perchloroethylene [1] .
Organic solvents are commonly used as mixtures rather than individual solvents in industry [2, 3] . Exposure to organic solvents has been reported to increase the risks for acute and chronic health e ects among workers [2, 4] . Organic solvents have a special a nity for lipid-rich tissue (e.g., brain tissue) [5] . In cases of organic solvent exposure, diagnosis of "toxic encephalopathy" relies mainly on history, psychiatric ndings and cognitive changes [6] . An association between duration of exposure and outcome, especially for cognitive and behavioral measurements, is unclear [7] , although most occupational health specialists maintain that a dose-response relationship is necessary for a de nitive diagnosis of neurotoxic disease [8] .
Acute health e ects on the central nervous system due to the inhalation of organic solvents include headache, dizziness and light-headedness progressing to unconsciousness, seizures and death [9] . Eye, nose and throat irritation may also occur with exposure to solvent mixtures [10] . Chronic exposure to low doses of solvents does not adversely a ect pulmonary function, whereas it is associated with an increase in the prevalence of asthma [2] . Solvents have been demonstrated to cause mucosal irritation of the eyes and upper airways, but studies of pulmonary impairment following exposure have been limited and inconsistent. Solvent-mediated respiratory toxicity is biologically plausible [11] .
In the acute stage of solvent intoxication, no special clinical, neurophysiological (EEG, evoked potentials) or radiological signs (CT, MRI) have been found except if concomitant hypoxia was present, resulting in cerebral edema or infarction. A discrete cortical-subcortical atrophy on CT or MRI scanning has been reported in some cases [12, 13] . Slowing of EEG activity was frequently seen in the acute stage. Only in such cases persistent cognitive de cit remained a erwards [12, 14] and the presence of de cits in neuropsychological testing shortly a er the intoxication predicted a bad prognosis [12, 15, 16] . Long-term exposure to low airborne exposure concentrations is likely to produce slight pre-narcotic or irritation symptoms such as headache, nausea, inappropriate laughing or angriness, dizziness, imbalance and eye irritation [12, 17] . In addition, as for acute intoxications, chronic exposure conditions may lead to cortical and subcortical atrophy on CT-scan and di use diminished blood ow on Single Photon Emission Tomography (SPECT) examination [12, 18] .
Severe neurotoxic e ects resulting from occupational exposure to organic solvents have been identi ed in earlier studies. Neurobehavioral endpoints such as altered cognitive functioning, motor and sensory disturbances, as well as mood and personality changes, were linked to solvent exposure. Atrophic changes in the brain, axon swelling and alterations in neurotransmitters were regarded as important neurological alterations underlying these behavioral changes [19, 20] .
A neuropsychological assessment is helpful in identifying/ characterizing cognitive di culties and can assist in identifying those with ''pseudo-dementia'' due to depression. A neurological examination, together with nerve conduction tests, where peripheral neuropathy is suspected, and magnetic resonance imaging (MRI) of the brain, may be helpful in diagnosis. Brain imaging is useful, both for excluding other neurological conditions and for identifying cerebral atrophy [21] or white matter lesions [22] . Radiological changes have also been described in individuals with solvent neurotoxicity [1] .
Chronic exposure to organic solvents causes encephalopathy [9, 23] , which typically results in CNS depression and psychomotor or attention de cit [24] . Some ndings also suggest residual CNS dysfunction, persisting years a er the end of exposure, particularly with long-term exposure to organic solvents [25] . Neuropsychological changes associated with acute and chronic exposure to organic solvents have been well documented in cross-sectional and longitudinal studies on those still at work or under 60 years of age [23, 26, 27] .
e Montreal Protocol of 1987 was a landmark in environmental regulation [28] and led to restriction or phasing out of the production of a number of ozone-depleting solvents. e protocol arose from concerns about the adverse impact of some solvents, including chloro uorocarbons, on tropospheric ozone. Recently, 1-bromopropane, a solvent introduced to replace ozone depleting agents such as 1,1,1-trichloroethane (methyl chloroform), has been shown to be neurotoxic in humans [29, 30] .
Dose-response assessment is a critical part of the quantitative characterization of a chemical's potential to produce neurotoxicity [31] . Human studies covering a range of exposures are rarely available; therefore, animal data are typically used for estimating exposure levels likely to produce adverse e ects in humans. Although dose-response functions in neurotoxicology are generally linear or monotonic, curvilinear functions, espe-cially U-shaped or inverted U-shaped curves, have been reported [32] .
Gun factory workers are exposed to many solvents, including toluene, acetone, butanol, xylene, benzene and trichloroethylene, over the course of many years, and this prolonged exposure may a ect the cognitive and psychological status of the workers. In this study, the e ect of long-term low-level exposures to solvents on cognitive functions was investigated. Exposure duration was 1 to 36 years. e e ects of solvent exposure on cognitive functions were assessed using the MMSE test and the e ects of solvent exposure on psychological status was assessed using the HAD Scale. 
Materials and Methods

Participants
Our study was conducted on the workers at a gun factory in Kirikkale, Turkey, where gun parts are produced from raw materials. ese parts are cleaned with solvents, and the workers are thus exposed to toluene, acetone, butanol, xylene, benzene and trichloroethylene during their work shi (continually 8 h/ day, 5 days a week).
e study was performed on a total of 389 male workers divided into two groups: workers exposed to solvents (n=193) (chronic exposure duration was 17.74±7.79 years, and ranged to 1 to 36 years); and a control group, those that were not exposed to solvents during their work in service areas such as security, o ce and engineering departments (n=196). Workers such as welders, carpenters and lathe operators were excluded from this study because they were not exposed to solvents but were exposed to other potentially harmful agents such as ammonia, cyanides, formaldehyde, nitrogen dioxide, isocyanates, ozone, phosgene, sulfur dioxide, phthalic anhydride, cadmium, chromium, nickel, beryllium and wood shavings (33) .
Workers exposed to solvents and control workers were included in the study a er signing an informed consent. In both groups, there were no history of stroke, traumatic brain injury or other pre-existing neurological or psychiatric conditions, and no history of usage of psychoactive medications.
Instrumentations Questionnaire
A detailed occupational history was recorded for all the workers.
e workers answered questions on their demographic characteristics, previous medical history including respiratory symptoms, sleep hygiene, sleep durations and daytime sleepiness. e questions related to solvent exposure, including daily, weekly, and total exposure duration (i.e., years of solvent usage), their habits of protective mask usage (present or absent, how o en), and on their smoking (smoker, non-smoker, frequency) and alcohol use .
Mini-mental Status Examination (MMSE)
e MMSE (34-36) was administered to assess cognitive function. is test explores temporal and spatial orientation, shortterm memory, computation, secondary memory, verbal attainment, and constructive ability.
e main characteristics assessed were orientation (OR) (a total of 10 points), registration memory (RM) (a total of 3 points), attention and counting (AC) (a total of 5 points), recall (R) (a total of 3 points) and language (L) (a total of 9 points). Healthy subjects have scores > 23 (See Appendix 1) (34-36).
Hospital Anxiety and Depression Scale (HAD Scale) (37) (38) (39) e HAD Scale was used to assess psychological status. e participants were asked to ll out the self-reported Hospital Anxiety and Depression (HAD) scale questionnaire for the assessment of psychological distress. e scale consisted of 14 questions in which the overall severity of anxiety and depression was rated on a 4-point Likert-type scale (0 to 3). Seven questions were related to anxiety and seven to depression (See Appendix 2) (37). Psychological distress score was de ned as the total HAD score. e reliability and validity of the scale were evaluated by Aydemir and Guvenir in 1987 (38) . e cut o point was 10 for the anxiety subscale and 7 for the depression subscale (39) .
Methods e workers exposed to solvents and workers in the control group were each given a questionnaire. MMSE and HAD Scale were used for all of the workers.
All the steps of the study were planned and carried out according to the principles outlined in the Declaration of Helsinki (40) . Some components of the data on MMSE scores were previously presented at the Meska 2007 Occupational Health and Safety Symposium, 281, Istanbul, 2007 (41) .
Statistical Analysis
Statistical analyses were performed using SPSS (Version 16.0). For both groups, the di erence between total MMSE scores, subgroups of MMSE (orientation, registration memory, attention and counting, recall, language); and total HAD scores were analyzed by ANOVA.
In the solvent-exposed group, the correlation matrix was made by Pearson correlation test between the factors a ecting the total MMSE scores, subgroups of MMSE and total HAD Scores. e factors a ecting the total MMSE scores, subgroups of MMSE and total HAD scores were analyzed by linear regression analysis; and the confounding factors having the greatest predictive ability for a ecting total MMSE score, subgroups of MMSE and total HAD score were analyzed by linear regression analysis (backward linear regression). p value < 0.05 was considered statistically signi cant.
Results
Personal and occupational characteristics of the solventexposed workers and control workers are presented in Table 1 . Education duration (years) of the workers in solvent-exposed group was 10.88±1.38 years (range 1 to 18 years); and in control group, it was 10.67±1.38 years (ranged from 5 to 16 years).
e di erence between educational years of the two groups was analyzed by ANOVA, e di erence was not signi cant (p=0.303) [See on Table 1 ].
e di erence between the ages of the groups was analyzed by ANOVA. e mean age of the solvent-exposed group (42.49±6.48 years) was signi cantly higher than that of the control group (40.40±8.41 years) (p=0.006). e mean solvent exposure time was 11.58±8.29 years.
ere was no signi cant di erences in alcohol consumption or sleep duration between the two groups [ Table 2 ]. Daytime sleepiness was higher in solvent-exposed group (analyzed by Chi-Square test, this di erence was statistically signi cant, p=0.007, X2=7.234). ere was no signi cant di erence between mask usage duration of the solvent-exposed group years) (ANOVA, p=0.555). As a protective measure, and according to current Turkish law, all workers (including controls) were requested to use their mask in their working places.
Total MMSE scores in the control group ranged from 23 to 30, and these values were within the normal range. For solvent-exposed workers, the total MMSE scores ranged from 21 to 30. Two workers had scores below the normal range (with scores of 21 and 22).
ere were no signi cant di erences in total MMSE scores, subgroups of MMSE (orientation, registration memory, attention and counting, recall, language); and total HAD scores between the two groups [ Table 2 ].
In the solvent-exposed group, a correlation matrix was made by Pearson correlation test between the factors a ecting the total MMSE score, subgroups of MMSE and total HAD score [ Table 3 ]:
1. ere were positive correlations between "attention and counting"; and "recall"; and "total MMSE score". 2. In workers with longer sleep duration, "attention and counting" ability was also better. 3. In worker with daytime sleepiness, language values were poorer; and total HAD scores were higher.
4. In le -active-handed workers, total HAD scores were higher than for right-handed workers [ Table  3 ]. 5. ere was signi cant positive correlation between solvent exposure (years) and mask usage (years) (p=0.017, r=0.182); and work duration (years) (p=0.038, r=0.158). 6. ere was a signi cant correlation between mask usage (years) and orientation scores. In workers who used masks for longer, orientation scores were lower (p=0.014, r=-0.188) relative to workers (both exposed and unexposed to solvents) who wore their masks for fewer years [ Table 3 ]. 7. ere were no signi cant correlations among duration of solvent exposure (years) and MMSE scores and total HAD scores [ Table 3 ].
In the solvent-exposed group, the factors a ecting the total MMSE score, subgroups of MMSE and total HAD score were analyzed by linear regression analysis (Table 4) .
Dependent variables: Each of the MMSE scores (orientation; attention and counting; recall; language; and total MMSE score); and total HAD score. Independent variables: age; solvent-exposure (years); work duration (years); working days per week; working hours per day; mask usage (yes or no); mask usage (years); smoking; cigarette use (packs per year); use of alcohol; sleep duration; day time sleepiness; active hand; total HAD score; MMSE scores (orientation; attention and counting; recall; language; and total MMSE score.
In the solvent-exposed workers who used a mask for a longer time, orientation scores were lower (Beta: -0.489, p=0.001). In workers with daytime sleepiness, language values were lower (p=0.043, Beta=-0.279). In le -active-handed workers, total HAD scores were higher than in right handed workers (p=0.019, Beta=0.309) [ Table 4 ].
In the solvent-exposed group, the confounding factors having the greatest predictive ability for a ecting total MMSE scores, subgroups of MMSE and total HAD scores were analyzed by linear regression analysis (backward linear regression) [ Table 5 ]. Dependent and independent variables were as above.
In the workers who used a mask for a longer time, orientation scores were lower (Beta: -0.453, p=0.000). In the workers with higher daytime sleepiness, recall scores were poorer (Beta: -0.276, p=0.018). In le -handed workers, the total HAD scores were higher than in right-handed workers (Beta: 0.368, p=0.002) [ Table 5 ].
Discussion
Organic solvents are encountered frequently in occupational settings [42, 43] , and some are reported to produce clinical neuropsychological and neurological e ects [43, 44] . Most solvents are volatile and can be readily inhaled by a worker. Some solvents, such as carbon disul de, can, at high doses, produce speci c neurotoxicological e ects, including toxic polyneuropathy and a syndrome consisting of tremor and neuropsychological de cits in motor, a ective, visuospatial, attention, executive and memory function [43] [44] [45] . Furthermore, repeated exposure to organic solvents is suspected of producing chronic encephalopathy [43, 46, 47] . Workers exposed to methyl-n-butyl ketone (an ink solvent and cleaning agent) displayed peripheral neuropathy involving sensory and motor changes of the hands and feet [42, 43] . Some solvents, including ethers, ketones, alcohols and various combinations, are commonly used in glues, cements and paints and can be neurotoxic when inhaled [43, 48, 49] . Repeated exposure to such solvents can lead to permanent neurological e ects due to severe and permanent loss of nerve cells [43, 50] . Case-control studies have also shown that a history of organic solvent exposure may be associated with increased risk of de cits similar to those seen with Alzheimer's disease [43, 51] . Exposure to solvents may be responsible for pseudo-dementia (depression) [52] . In the present study, workers at a gun factory were investigated for e ects of long-term low-level exposures to solvents on cognitive functions. ey were exposed to solvents such as toluene, acetone, butanol, xylene, benzene and trichloroethylene during their work shi (continually for 8 h/day, 5 days a week).
eir occupational conditions, work duration and solvent-exposure time and protective mask usage were recorded. To evaluate the e ects of solvent exposure on cognitive functions, MMSE test was applied and on psychological status, HAD scale was administered.
ere were no di erences between the total MMSE scores, subgroups of MMSE and the total HAD scores. Total MMSE scores between the two groups were not statistically di erent.
Statistical analysis showed no signi cant di erence in the degree of cognitive impairment between the two groups; therefore, it was concluded that chronic solvent exposure was not related to cognitive impairment.
Previous studies have shown that exposure to manganese, solvents (methanol, toluene, carbon disul de, and n-hexane) or carbon monoxide in an occupational setting may lead to central nervous system damage and Parkinsonism [53] and that, toluene and trichloroethylene were the solvents most likely to cause cognitive decline. In our study, the workers were exposed to toluene, acetone, butanol, xylene, benzene and trichloroethylene but no cognitive decline was seen. Hageman et al. [54] described three patients who had been exposed to various solvents for more than 20 years (25, 34, and 46 years). ey presented with Parkinsonism, pyramidal signs, mild cognitive decline. Two patients had a predominantly axonal and sensory polyneuropathy of the lower legs with fasciculations in one of them. Hageman concluded that there is growing evidence that various organic solvents give rise to a Parkinsonism syndrome with pyramidal features in susceptible individuals. Lindström [55] also reported on cognitive and sensory and motor function in solvent-exposed workers. Solvents were trichloroethylene, toluene, styrene and mixtures of organic solvents. With most of these solvents, a decline in sensory and motor functions were found. Of the cognitive functions, short-term memory has proved to be especially sensitive to solvent exposure. Also, some decline in visuoconstructive abilities were found.
Cognitive decline occurs typically a er the age of 65 years [55] . In our study, as the workers in the study ( In solvent-exposed workers, correlation tests showed that, MMSE subtitles were related to each other, especially attention and counting, recall and total MMSE scores. Longer sleep duration was positively related with cognitive function. Daytime sleepiness had negative relation with language values. In lehanded workers and workers with daytime sleepiness, total HAD scores for solvent-exposed workers were higher than for control workers. Surprisingly, workers who used a mask for a longer time had poorer orientation scores than the workers (both solventexposed and control workers) who wore the mask for shorter times.. Perhaps this was because workers who were exposed to higher levels of solvents tended to use the mask more frequently therefore, their cognitive functions may be evaluated as worse by MMSE.
In the workers with higher daytime sleepiness, recall scores, which evaluates immediate and short-term memory, were lower and it may be concluded that daytime sleepiness can lead to a lack of concentration and attention Daytime sleepiness may be a transient state that improves when the individual is well rested. Counting backwards is a better assessment of attention ability.
e European Consensus on Neuropsychological Characteristics, Assessment, and Guidelines for Diagnostics in 2012 [56] reported the neuropsychological impairment of chronic solvent-induced encephalopathy (CSE).
e most common neuropsychological impairments in CSE patients are within the domains of attention, particularly the speed of information processing, memory, and motor performance. It appears that the in uence of CSE on memory processes mainly involves immediate recall and generally involves verbal, visual and visuospatial material.
Workers with daytime sleepiness should be evaluated for Obstructive Sleep Apnea Syndrome (OSAS), and polisomnographic examination should be conducted (57, 58) . In OSAS patients, during apnea periods, brain oxygenation is further decreased [57, 58] . e brain is sensitive to oxygen level in the blood and tissue [59, 60] . Although the brain represents only 2% of the body weight, the brain extracts approximately 50% of oxygen and 10% of glucose from the arterial blood [59] .
erefore, decreased oxygenation may also start reduction and destruction of cognitive functions. akur et al. [60] reported that among COPD patients, low baseline oxygen saturation was related to increased risk of cognitive impairment (OR for oxygen saturation ≤88% (OR 5.45; 95% CI 1.014-29.2; P = 0.048). Conversely, regular use of supplemental oxygen therapy decreased the risk for cognitive impairment (OR 0.14; 95% CI 0.07-0.27; P < 0.0001).
In le -handed workers,, the total HAD scores were higher than for right-handed workers. In a large majority of the population, the right hand is active and nearly all machines and equipment are designed for right-hand use [61] . us, lehanded people, at least within our study population, may have or be predisposed anxiety and depression, though this is not supported by the literature [62] , which leads to higher HAD Scores. In future studies, these issues should be investigated in detail.
e relationship of handedness and sleep position has been reported that that the majority of right handed people go to sleep on their right side, while le handed people go to sleep on their le side [63, 64] . Le -handed people think slightly faster than their right-handed counterparts.
e di erences were mild, but this does lend credence to mental discrepancies resulting being associated with handedness. Le -handed individuals might be more susceptible to learning handicaps, including child autism, stuttering and dyslexia. Other studies on the psychological e ects of handedness have not concluded in any concrete results [65] .
Berr et al. [66] investigated the impact of occupational exposure to solvents of TDI, trichloroethylene, perchloroethylene, dichloromethane, trichloroethane and benzene on cognitive ageing by the Digit Symbol Substitution Test (DSST) and the MMSE in 5242 participants (aged 55-65 years). ese results suggest that occupational exposures to solvents may be associated later in life with cognitive impairment, even a er taking into account the e ects of education, employment grade, and numerous health factors [66] . Chronic low-level occupational exposure to organic solvents may have a negative impact on cognitive and psychological functioning [9, 23, 67] .
In heavily exposed workers, solvents may have subtle e ects on cognitive functions [68] . e cognitive domains a ected by solvent exposures include attention, verbal memory, and visuospatial skills [69, 70] . ere is some evidence that solvent neurotoxicity is commoner among those with at least 10 years of occupational exposure to solvents. Whether the important determinant of adverse e ects is the lifetime (cumulative) exposure, the intensity of exposure, or peaks of exposure remains unclear.
Measurements of cerebral blood ow have documented decreased metabolism in both subcortical and cortical structures in workers occupationally exposed to solvents [71, 72] . In one solvent-exposed case, a positron emission tomographic scan reported decreased glucose uptake in the hippocampus Saygun et al. Low-level sovent exposure and cognitive function and amygdale [72] . Neurobehavioral studies have also speculated that medial temporal structures may be particularly vulnerable to the e ects of organic solvents [73] .
Taste, sight, and smell may be a ected by exposure to solvents. Many, but by no means all, studies have found mild acquired colour vision losses in solvent-exposed workers [74] . Altered sense of smell has been described in solvent-exposed groups [75] . Anosmia may have an impact on safety where workers lose the ability to detect chemical releases. Animal studies using rats have found that some solvents are autotoxic [76] , and co-exposures to noise and solvents lead to greater hearing loss than would be expected due to noise exposure alone [77] . In our study, sensorial loss was not detected in the solvent-exposed group.
Organic solvents are widely used in industry and are used in large quantities around the world. Chronic exposure to organic solvents induces central nervous system (CNS) damage.
is damage may be clearly detected in older workers. In early working periods, MMSE may be used as a screening test for cognitive function of workers exposed to solvents. Cognitive impairment may be observed as an early sign and may be suspected with poorer total MMSE Scores [55] .
In the present study, we did not nd the cognitive impairment in our group of solvent-exposed workers. e reason for the di erent results in the literature and our study may be related to the type of solvent, concentrations of solvent, exposure features or age of workers. In addition, in solvent-exposed workers who used a mask for a longer time, orientation scores were poorer. It is reasonable to hypothesize that the workers who were more extensively exposed to solvents used masks more o en.
We recommend that the workers should be reminded about possible harmful e ects of solvent exposure. For prevention of solvent neurotoxicity, good occupational hygiene practice is the mainstay of managing solvent exposures: substitution with water based agents, engineering controls such as adequate local exhaust ventilation, administrative controls (for example, supervisors ensuring the storage of solvents in sealed containers when not in use), worker education, and nally the use of appropriate personal protective equipment that is t for purpose [1] . In the future, studies should be planned with objectively de ned solvent exposures.
